Dickkopf (DKK) 3 is a DKK glycoprotein family member that controls cell fate during embryogenesis and exerts opposing effects on survival in a cell type-dependent manner; however, the mechanisms governing its pro-apoptosis versus pro-survival functions remain unclear. Here, we investigated DKK3 function in Li21 hepatoma cells and tPH5CH immortalized hepatocytes. DKK3 knockdown by siRNA resulted in reactive oxygen species accumulation and subsequent apoptosis, which were abrogated by administration of the antioxidant N-acetyl-cysteine. Moreover, forced DKK3 over-expression induced resistance to hydrogen peroxide (H 2 O 2 )-induced apoptosis. Expression analysis by cDNA microarray showed that xanthine dehydrogenase (XDH) expression was significantly lower in Li21 and tPH5CH DKK3-over-expressing cells in response to H 2 O 2 treatment when compared to that in their respective mock-transfected controls, whereas a marked increase was observed in H 2 O 2 -treated DKK3 knockdown cells. Thus, these data suggest that DKK3 promotes cell survival during oxidative stress by suppressing the expression of the superoxide-producing enzyme XDH.
Introduction
Dickkopf (DKK) 3 is a member of the evolutionarily conserved DKK family of secreted glycoproteins known to antagonize Wnt signaling by binding the Wnt receptor complex, low-density lipoprotein receptor-related protein 5/6 and Kremens (Mao et al. 2001; Wang et al. 2008) . Based on DNA sequence similarity and its location on a paralogous chromosome, DKK3 is thought to be a divergent family member, although its functional significance in Wnt signaling remains ill-defined (Krupnik et al. 1999; Guder et al. 2006; Niehrs 2006) . In addition, DKK family members control cell fate in a coordinated manner (Suwa et al. 2003; Diep et al. 2004; Fjeld et al. 2005; Nie 2005 ). In some normal adult organs -such as the pancreas, retina, prostate and gastrointestinal tract, DKK3 is expressed by specific cell subpopulations with putative stem-like properties, where it can promote cell survival in a cell type-dependent manner (Byun et al. 2005; Kawano et al. 2006; Hermann et al. 2007; Nakamura et al. 2007) . We previously showed that DKK3 is differentially expressed in adult porcine hepatic stem-like cells and up-regulated in the early fetal liver, as well as in the regenerating adult liver in an 80% hepatectomy model, supporting its functional relevance to hepatic development (Kano et al. 2008) . Collectively, these results suggest that DKK3 participates in development, differentiation and survival throughout the vertebrate lifespan, albeit through an undescribed mechanism.
The WNT/b-catenin pathway plays an important role in tumorigenesis, and accumulated data suggest the involvement of DKKs as Wnt antagonists in various malignancies (Kawano & Kypta 2003; Niehrs 2006; Veeck & Dahl 2012) . DKK3 is down-regulated by aberrant hypermethylation in several cancers, where its subsequent forced expression induces tumor suppression and apoptosis (Kobayashi et al. 2002; Hoang et al. 2004; Roman-Gomez et al. 2004; Abarzua et al. 2005) . Therefore, it has been reported that DKK3 acts as a tumor suppressor and is a potential therapeutic target (Kobayashi et al. 2002; Sato et al. 2007; Koppen et al. 2008; Veeck et al. 2008; Yue et al. 2008; Veeck & Dahl 2012) . However, recent studies support that DKK3 may have a more variable function in certain tumor types. For instance, DKK3 is up-regulated in hepatoblastomas (HBLs) and hepatocellular carcinomas (HCCs) (Pei et al. 2009 ) and can promote cell migration and dedifferentiation in head and neck squamous cell carcinomas and pancreatic cancer (Zenzmaier et al. 2012; Katase et al. 2013) . Moreover, DKK3 is reported to protect lung adenocarcinoma cells from oxidative stress and apoptosis, despite only modest expression owing to promoter methylation (Jung et al. 2010) . Thus, its variable expression and broad range of context-dependent effects indicate that DKK3 could be a promising target for the treatment of certain malignant tumors.
The aim of this study was to clarify the function of DKK3 and its mechanism of action in DKK3-expressing cells. Notably, we showed that DKK3 promotes cell survival by suppressing XDH expression, thereby limiting reactive oxygen species (ROS) accumulation and subsequent apoptosis.
Results

DKK3 suppression induces apoptosis and mitochondrial membrane depolarization in Li21 and tPH5CH cells
We first examined DKK3 expression in fifteen cell lines, of which ten expressed DKK3 mRNA and protein at various levels (Fig. 1A,B) . From this, we decided to use the Li21 hepatoma cell line and tPH5CH immortalized hepatocytes because of their considerable expression level and ease of use. Thus, Li21 and tPH5CH cells were transfected individually with three different small interfering RNAs targeting DKK3 (siDKK3) and knockdown at the mRNA and protein level was confirmed 48 h after transfection ( Fig. 2A,B, Fig. S1 in Supporting Information). Notably, DKK3-knockdown cells initially attached to the culture surface, but gradually detached over time (Fig. 2C) . Cell counting analysis and WST-1 assays showed that proliferation of siDKK3-transfected cells was significantly suppressed relative to that of the negative control (siCtr) group (Fig. 2D,E) . To evaluate the effect of DKK3 knockdown on apoptosis, caspase 3/7 activity, phosphatidylserine (PS) exposure on the outer plasma membrane and mitochondrial membrane depolarization were assessed. Caspase 3/7 activity was significantly higher in siDKK3-transfected cells than in siCtr controls at 48 h after siRNA transfection (Fig. 2F) . Moreover, PS exposure markedly increased in siDKK3-transfected cells and was accompanied by significantly lower JC-1 staining when compared to that in siCtr controls, indicative of apoptotic cells with mitochondrial depolarization (Fig. 2G,H ).
Increased ROS in DKK3-knockdown cells
Mitochondrial membrane depolarization is a crucial event during apoptosis that can be induced by both the intrinsic and extrinsic cell death pathways. Major intrinsic apoptotic stimuli include severe cellular stressors, such as UV and gamma radiation, ROS and heat. Analysis with the fluorescence marker CellROX showed that ROS levels were approximately twofold and sixfold higher in siDKK3 cells when compared to that in siCtr controls 14 and 24 h after siRNA Genes to Cells (2017) 22, 406-417 transfection, respectively; however, no notable difference was observed in the presence of N-acetyl-cysteine (NAC) (Fig. 3A) . Furthermore, several nuclei with strong fluorescence were observed in the siDKK3-transfected and menadione-treated (positive control) groups, but few were evident in siCtr-and NAC-treated counterparts (Fig. 3B) . A similar effect was observed in proliferation analyses, where NAC treatment rescued the diminished proliferation of siDKK3 cells at 48 and 72 h post-transfection (~1.3-and~1.7-fold increase, respectively) (Fig. 3C) . Moreover, phase-contrast microscopy showed that the majority of cells remained adherent in the presence of 4.0 mM NAC, whereas several round and floating cells were observed in the untreated control group (Fig. 3D Cell morphology and adherence were assessed by phase-contrast microscopy 48 h after siRNA transfection. Scale bar, 50 lm; *P < 0.05, **P < 0.01.
( Fig. 4A, To investigate the mechanism responsible for the protective effects of DKK3 during oxidative stress, expression of the redox enzymes superoxide dismutase 1/2 (SOD1/2), heme oxygenase 1 (HMOX1), glutathione synthase (GSS) and catalase (CAT) was examined in siDKK3-and siCtr-transfected Li21 cells, but no significant differences were observed (Table S1 , and Figs S4 and S5 in Supporting Information). Similarly, no marked changes were found in the expression or activities of nicotinamide-adenine dinucleotide phosphate oxidases (also known as NOX enzymes) (Fig. S6) . Thus, cDNA microarrays were used to evaluate differential gene expression in Li21 DKK3 and tPH5CH DKK3 cells with and without Genes to Cells (2017) 22, 406-417 H 2 O 2 treatment, which showed 12210 and 9973 differentially expressed genes in Li21 and tPH5CH cells, respectively. Of these, 4180 genes showed similar expression changes in the two cell lines (Table S2) . Notably, the enzyme XDH was substantially downregulated in response to H 2 O 2 (0.49-and 0.46-fold change in Li21 and tPH5CH cells, respectively) ( Table 1) . Further analysis by real-time PCR indicated that H 2 O 2 treatment induced 6.2-and 1.2-fold higher XDH expression in mock-and siDKK3-transfected Li21 cells, respectively, with a similar effect observed in tPH5CH cells (7.9-and 5.4-fold increases in mock-and siDKK3-transfected cells, respectively). Thus, XDH expression was markedly lower in DKK3 over-expressing cell lines (Fig. 5A) . The functional significance of DKK3 in H 2 O 2 -induced XDH expression changes was determined using the experiment described in Fig. 5B , which showed a significantly more pronounced up-regulation in Li21 and tPH5CH DKK3-knockdown cells (Fig. 5C ). To confirm this finding, we examined whether XDH siRNA knockdown suppressed H 2 O 2 -induced toxicity in Li21 and tPH5CH cells. As expected, siXDH cells treated with H 2 O 2 24 h posttransfection showed a significantly higher viability than siCtr-transfected controls did (Fig. 6A) . In addition, siDKK3 cells showed increased XDH mRNA expression and cell death 48 h after transfection as compared to that reported for siDKK3/siXDH cotransfectants ( Fig. 6B-D) . Collectively, these data suggest that DKK3 attenuates H 2 O 2 -induced XDH expression.
Discussion
In this study, we showed that DKK3 promotes cell survival by attenuating expression the pro-oxidant XDH and subsequent ROS accumulation. In malignant cells, DKK3 can function as either a tumorsuppressor gene or oncogenic factor depending on cell type and context (Zenzmaier et al. 2013) . Moreover, several reports have described increased DKK3 expression in tumor-associated cells, such as stromal and endothelial cells, where it appears to support differentiation and tissue remodeling and is associated with a favorable prognosis (St Croix et al. 2000; Untergasser et al. 2008; Fong et al. 2009; Muhlmann et al. 2010; Zenzmaier et al. 2013) . These data suggest that DKK3 plays a distinct and complex role in cancer cell survival, differentiation and apoptosis.
The present study examined DKK3 function in Li21 hepatoma cell line (Ishiyama et al. 2003) .
Notably, DKK3 suppression by siRNA knockdown induced apoptosis, suggesting that it acts as a pro-survival factor in this cell type. A previous report on lung adenocarcinoma identified ROS accumulation as a possible pro-apoptotic stimulus following DKK3 suppression (Jung et al. 2010) , similar to that observed in our study. Moreover, our microarray and functional analyses showed that DKK3-mediated XDH suppression is likely responsible for this result in both Li21 hepatoma cells and tPH5CH immortalized hepatocytes, suggesting that this effect was not caused by oncogenic mutation. This was further supported by a rescue study demonstrating that XDH suppression was associated with H 2 O 2 -induced toxicity in Li21 and tPH5CH cells. These findings may result from production of the strong antioxidant uric acid (Fig. 6A) . Interestingly, siDKK3 cells showed increased XDH mRNA expression, whereas siDKK3/siXDH cotransfected cells exhibited increased viability, suggesting XDH expression was involved in the pro-survival function of DKK3 (Fig. 6B-D) . However, the spontaneous increase in XDH mRNA expression in siDKK3-transfected cells appears to be difficult to detect because of a concomitant induction of cell death.
XDH is a molybdopterin-flavin enzyme that catalyzes the final steps of purine catabolism (Battelli et al. 2014a ) and exists as two isoforms-dehydrogenase and oxidase-with antioxidant and prooxidant effects, respectively. Thus, XDH likely functions to tightly control cellular redox status. XDH expression is regulated at very low levels in humans and some anthropoid apes through an ill-defined mechanism and has been implicated in many pathological conditions-such as gout, heart disease, reperfusion injury and hypertension, suggesting that it may be an effective therapeutic target (Nishino et al. 1997; Xu et al. 2000 Xu et al. , 2004 Agarwal et al. 2011; Battelli et al. 2014a Battelli et al. ,b, 2015 Khambata et al. 2015) . Here, our results support a model in which DKK3 suppresses XDH expression in response to oxidative stress, thereby protecting cells from the excess ROS produced by XDH activation. However, it is not clear whether XDH is the only driver of oxidative stress in the absence of DKK3 (Fig. 6E ) or if this function is associated with DKK3's role in organogenesis and differentiation. Alternatively, secreted DKK3 (Fig. 1) may also regulate the global redox environment and thereby modify the activity of other secreted antioxidants-such as glutathione-via thioldisulfide exchange. Thus, further studies are required to clarify the mechanism of DKK3-dependent XDH suppression in response to oxidative stress.
In conclusion, we showed that DKK3 promotes cell survival during oxidative stress by suppressing XDH expression, thereby abrogating excess ROS accumulation and subsequent apoptosis. Whereas the exact mechanism by governing this process remains to be fully elucidated, these data support the potential significance of DKK3 as a clinically relevant target for the treatment of diseases characterized by chronic oxidative stress.
Experimental procedures
Cell culture
Ten established human HCC cell lines (KIM-1, Li7HM, Li7NM, KYN-1, KYN-2, KYN-3, Li21, PLC/PRF/5, HuH7 and tPH5T), three HBL cell lines (Li24, HepG2 and HuH6), a rhabdomyosarcoma cell line (RD) and an immortalized human non-neoplastic hepatocyte cell line (tPH5CH) were analyzed for DKK3 expression in the cell lysate and culture media. The tPH5T and tPH5CH cell lines were established from tumor and noncancerous tissue isolated from the same patient with chronic hepatitis by transfection with SV-40 large T antigen (Noguchi & Hirohashi 1996) and cultured in a 1:1 mixture of Dulbecco's modified Eagle medium and Ham's F12 medium (Wako, Osaka, Japan) supplemented with 2% fetal bovine serum (FBS, Wako), 120 ng/mL hydrocortisone (Wako), 25 ng/mL epidermal growth factor (Toyobo, Tokyo, Japan), 10 lg/mL transferrin (Sigma-Aldrich, St. Louis, MO, USA), 10 ng/mL selenium (Sigma-Aldrich) and 500 ng/mL linoleic acid (Sigma-Aldrich). RD cells were cultured in Eagle's minimum essential medium with 10% FBS and nonessential amino acids (Sigma-Aldrich), whereas the other cell lines were cultured in RPMI1640 medium containing 5% FBS.
Real-time PCR
Basal DKK3 mRNA expression was examined in the fifteen cell lines using a Power SYBR Green Cells-to-Ct Kit (Life Technologies, Carlsbad, CA, USA). For other assays, cDNA synthesis was carried out using 1.5-2.0 lg total RNA isolated by RNeasy Plus Mini (QIAGEN, Valencia, CA, USA) per 20 lL of reaction mixture using a High Capacity cDNA Reverse Transcription Kit (Life Technologies). Expression levels were analyzed with Power SYBR Green PCR Master Mix (Life Technologies) and the primers described below. All procedures were conducted in accordance with the manufacturer's protocol. The concentrations and sequences of the forward and reverse primers were as follows: DKK3 (200 lM each):
Western blot analysis 
Proliferation assay
Attached cells were dissociated with 0.25% trypsin containing 1 mM EDTA-4Na and counted using trypan blue staining and a hemocytometer. Cells were cultured for 48 h after siRNA transfection, treated with Cell Proliferation Reagent WST-1 (Roche Applied Science, Mannheim, Germany) or Cell Counting Kit-8 (DOJINDO, Kumamoto, Japan) in 10% v/v medium and then incubated for 2 h at 37°C. The spectrophotometric absorbance of each sample was measured at 450 nm (610 nm reference) with a Varioskan Flash Multimode Reader (Thermo Fisher, Waltham, MA, USA) and analyzed using Skanlt Software (Life Technologies).
Phosphatidylserine (PS) exposure analysis
Cell-APOPercentage dye (Biocolor, Carrickfergus, UK) was used to detect PS exposure on the outside membrane of cells committed to apoptosis according to the manufacturer's protocol. The dye was added to cells 48 h after siRNA transfection. Cells pre-treated with 10 mM H 2 O 2 or left untreated were used as positive or negative controls for apoptosis, respectively. Stained cells were fixed with 10% neutralized formalin and photographed with an inverted microscope.
Genes to Cells (2017) 22, 406-417 Analysis of Caspase 3/7 activity Caspase 3/7 activity was measured with the Caspase-Glo 3/7 Assay Kit (Promega, Madison, WI, USA). Cells were incubated for 48 h after siRNA transfection, treated with Caspase-Glo 3/7 Reagent and incubated for 30 min at 37°C. Luminescence was then measured using a TD-20/20 Luminometer (Promega).
Mitochondrial depolarization
Mitochondrial membrane depolarization was assessed using a MitoPT JC-1 Assay Kit (ImmunoChemistry Technologies, Bloomington, MN, USA). Briefly, 48 h after siRNA transfection, cells cultured in a 96-well plate (Nunc, Roskilde, Denmark) were treated with Mito PT JC-1 solution and incubated for 15 min at 37°C. After washing with Assay Buffer, the cells were resuspended in 100 lL assay buffer per well and measured for relative fluorescence units (RFU) using a Varioskan Flash Multimode Reader (excitation, 490 nm; emission, 527/590 nm). Cells were treated with carbonyl cyanide 3-chlorophenylhydrozone (CCCP) and dimethyl sulfoxide (DMSO) for 75 min before analysis for use as positive and negative controls, respectively.
Measurement of ROS
Cellular oxidative stress was assessed using CellROX Green Reagent (Life Technologies), which allows for the fluorescence-based quantification of ROS. Briefly, cells cultured on collagen-coated coverslips were incubated for 14 and 24 h after siRNA transfection and then stained 5 lM Cell-ROX Green Reagent and 10 lg/mL Hoechst 33342 (Dojindo, Rockville, MD, USA). NAC (4.0 mM) and menadione (100 lM) were added during siRNA transfection or 30 min before the addition of CellROX reagent, respectively. After a subsequent incubation for 30 min at 37°C, harvested cells were washed three times with Hank's balanced salt solution and fixed with 3.7% neutralized formaldehyde. Fluorescence was measured with a BZ-II Analyzer (Keyence, Osaka, Japan) using 10 randomly selected fields per sample.
NAC administration
Cells cultured in 24-well plates were transfected with siRNA and immediately treated with increasing concentrations of NAC (0, 0.4 and 4.0 mM; Sigma-Aldrich). Cells were then counted after crystal violet staining 48 or 72 h later.
Generation of stable DKK3-over-expressing cell lines
The Flexi Vector System (Promega) and mammalian C-terminal FLAG-tagged expression vector pcDNA3-C-FLAG were provided by M. Kato, H. Suzuki and H Watanabe (University of Tsukuba, Ibaraki, Japan) and used to generate Li21 and tPH5CH DKK3-over-expressing cell lines. The pFN21AE4338 vector harboring the full-length coding region of human DKK3 was produced by Kazusa DNA Research Institute and purchased from Promega. The DKK3 cDNA was shuttled from pFN21AE4338 into pF5KCMV-neo (Promega) to generate the pF5KCMV-DKK3-neo expression vector. For pcDNA-DKK3-C-FLAG, DKK3 cDNA was PCR-amplified from pFN21AE4338 and subcloned into the EcoRI/XhoI sites of pcDNA3-C-FLAG. Cell lines with stable DKK3 overexpression (Li21 DKK3 and tPH5CH DKK3 ) were generated by transfection with the pF5KCMV-DKK3-neo or pcDNA-DKK3-C-FLAG plasmids using FuGENE HD Transfection Reagent (Promega), followed by G418 sulfate selection at 200 and 600 lg/mL, respectively. The Li21
Mock and tPH5CH
Mock cells were generated by transfection with empty vectors and selected as described above. 
cDNA microarray analysis
Li21
Mock , Li21 DKK3 , tPH5CH Mock and tPH5CH DKK3 cells were treated with H 2 O 2 (800 and 400 lM for Li21 and tPH5CH cells, respectively) for 20 h. Cells treated with sterile water served as paired controls. Total RNA was isolated from treated cells using a QIAGEN RNeasy Plus Mini kit (Qiagen) and assessed for quality with an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). cDNA microarray analyses were carried out using Agilent G4845A Whole Human Genome Microarray 4 9 44K v2 (Agilent) according to the manufacturer's instructions. Hybridized cDNA microarrays were scanned on an Agilent SureScan Microarray Scanner G2600D, and the images analyzed with Agilent Feature Extraction 11.5 software. Raw probe set intensities were normalized using global normalization algorithm and log2-transformed.
Statistical analysis
Data represent the mean AE standard error of the mean (SE) from at least three independent experiments. Significance was determined with Student's unpaired t-test or one-way ANOVA with Tukey's post hoc tests where appropriate, with P < 0.05 considered statistically significant.
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